BaTiO 3 is a widely used photorefractive crystal. It possesses high electrooptic coefficients and thus exhibits a high photorefractive gain necessary for the implementation of phase conjugate mirrors. Nevertheless it suffers from a drawback that prevents its use in industrial systems, a phase transition from the tetragonal phase (4mm symmetry) towards an orthorhombic phase (mm2 symmetry) located at about 5°C. Passing this transition depolarizes the crystal and eventually causes its destruction. Recently, Ba 0.77 Ca 0.23 TiO 3 (BCT), a derivative of BaTiO 3 that presents this phase transition at a much lower temperature, was successfully grown [1] . This crystal was shown to be photorefractive [2] , and thus presents a promising alternative to BaTiO 3 in photorefractive applications, provided that photorefractive performances are similar. At present time, very little is known about this new crystal and its photorefractive properties. The aim of this paper is to present some theoretical estimations of the characteristics of BCT and to compare them with experimental data. We first develop a theoretical approach in order to estimate the value of the effective electrooptic coefficients (as well as to evaluate the piezoelectric, elastic and elastooptic contributions) from the data (Kerr coefficients, electrostriction coefficients,...) of the material in the high temperature cubic phase (m3m symmetry). The model shows that rather high values of electrooptic coefficients are expected, even if it shows that the r 42 parameter is reduced compared to BaTiO 3 . Then we compare these theoretical values to the experimental ones deduced from two-beam coupling experiments performed in a 100ppm rhodium doped BCT at the wavelength of 532nm. These measurements show that high photorefractive gain values are obtained.
THEORETICAL BACKGROUND
At room temperature, BCT has the same symmetry than BaTiO 3 . We will thus carry exactly the same kind of study on this new crystal as the one performed in baryum titanate. We thus perform classical measurements of the dependence of the photorefractive gain Γ with the grating wave number k r . Γ is related to the electrooptic coefficients of the crystal in a way that depends on the geometrical configuration and polarization. This configuration is determined by two angles θ and β, where 2θ is the angle between the two incident beams inside the crystal and β is the angle between the grating wave vector and the optical axis (c-axis) inside the crystal ( Figure 1) .
We have chosen three simple configurations in order to determine the three non zero electrooptic coefficients of the crystal, i.e. r 113 = r 223 , r 333 and r 131 = r 232 (in contracted notation, r 13 = r 23 , r 33 and r 51 = r 42 respectively).
General definition of the effective electrooptic coefficient
For photorefractive crystals as BaTiO 3 and BCT, the change in the optic ellipsoid induced by the electric field is written as [3] :
with
where r ijk S is the clamped electrooptic coefficient, u kl is the displacement gradient matrix of the deformation of the crystal induced by the piezoelectric effect, p ijkl E the elastooptic coefficients at constant field and p ij [ kl] E is the rotooptic effect. However, in BaTiO 3 , the rotooptic contribution is rather small [5] 
with A ik = c ijkl E n j n l and B i = e kij n k n j
where r n is a unit vector parallel to E sc . c ijkl E is the elastic stiffness at constant field and e ijk the piezoelectric coefficient.
As we can see, we do not use directly the classical electro-optic coefficients (r 13 , r 33 or r 42 ) but the effective electro-optic coefficients r 1 1 eff (which mainly corresponds to r 113 ), r 2 2 eff (which mainly corresponds to r 223 ), r 3 3 eff (connected to r 333 ) and r 1 3 eff (mainly related to r 131 ), that contain the elasto-optic contribution.
These expressions allow the calculation of the refractive index change due to the space charge field, that will depend on the respective orientation of the grating vector compared to the cristallographic axis and especially the c-axis.
Photorefractive gain
The space charge field is induced by the illumination grating pattern created by the interference of a pump beam and a signal beam. They create an index grating on which they diffract. This gives the possibility to induce an energy transfer from the pump beam towards the signal beam. This energy transfer is characterized by the photorefractive gain Γ that is expressed as [4] :
where λ 0 is the wavelength of light in vacuum, n the mean refractive index, E sc the amplitude of the space-charge field and (ê s .ê p ) the scalar product between the unit vectors which are aligned parallel to the electric field of the two beams. The dependence of Γ with the grating wave number k r comes from E sc [4] :
with k o that depends on the effective trap density N eff :
The grating wave number is k r = 4!nsin " # 0 and ! eff (") is the effective dielectric constant which can be calculated from the clamped dielectric components ! ij S taking into account the elastic and piezoelectric contributions as for r eff . Indeed, we have [5] ! eff = ! ij S n i n j + ! 0 "1 e ijk e mnl n i n j n m n n A kl
The scalar product (ê s .ê p ) depends on the polarizations only and takes the values 1 or cos(2θ)
whether the light is ordinary or extraordinary polarized. r eff depends on the configuration and the polarizations. The expressions of r eff for ordinary and extraordinary polarized light are respectively [5] :
Expression of the effective electrooptic coefficients in different experimental configurations
In the general case, the theoretical expression of r eff is very complicated and depends on the different electrooptic coefficients (especially for the extraordinary polarization). We thus have studied specific configurations only, where the expression of the effective electrooptic coefficient is more simple, and the contribution of the different electrooptic coefficients can be separated. In most of the following we will now use the contracted tensorial notation [6] , except when specified.
1.3.a. Determination of r 1 3
S and r 3 3
S
The simplest and easiest configuration is the one where the grating vector is along the c-axis (i.e. β=0). Then, r 0 eff and r e eff depend only on r ii eff (0) that equals (Eq.3) [7] :
where the index i takes the value of 1 to 3. With this orientation, the effective dielectric constant is expressed as :
If beams are ordinary polarized, we measure r 2 2 eff (0), which can be related to the clamped electrooptic coefficient r 2 3 S :
As r 2 3 S = r 1 3 S and p 2 3 E = p 1 3 E , we have :
c 3 3
If beams are extraordinary polarized, the effective electrooptic coefficient equals to (using Eq.10) :
As we know r 1 1 eff (0) from the measurement with ordinary polarizations, we deduce r 3 3 eff (0). It can be related to the clamped electro-optic coefficient r 3 3 S according to Eq.3 :
Thus, two experiments conducted in the symmetrical configuration with the light polarized whether ordinary or extraordinary allow to determine r 2 2 eff (=r 1 1 eff ) and r 3 3 eff , from which we deduce r 1 3 S and r 3 3 S respectively.
1.3.b. Determination of r 4 2
T From Eq.10, the clamped electrooptic coefficient r 131 S = r 5 1 S = r 4 2 S contributes to r e eff for β≠0 only.
To determine this coefficient, we have to carry out experiments with extraordinary polarized light and with β≠0, that is to say in a non symmetrical configuration.
The crystal used, being cut along the crystallographic axes, we can only carry out measurements with β around 0 or π/2. But, for both values, there is no contribution of r 1 3 eff in r e eff because sin(2β) = 0. If r e eff equals 0 when β equals π/2 (cos(β) = 0), r e eff and thus Γ differ from zero as soon as ß differs from π/2. The slope of the gain around π/2 is important, whereas the slope equals zero around β = 0. Thus, measuring the slope of the variation of the gain around β = π/2 will give an accurate measurement of r 4 2 S .
Indeed, this slope is in first approximation proportional to r 4 2 T . Actually, this slope is proportional to the sum of 4 ! r 4 2 T and another term δ r that depends on elastooptic, piezoelectric and elastic coefficients.
This term is much smaller than 4 ! r 4 2 T for BaTiO 3 and we here suppose that it would be the same for BCT.
Moreover, to extract the electrooptic coefficient from this measurement, we must take into account the value of the effective dielectric constant that changes as we go from the low ε 33 value to the high ε 11 value, when ß goes from 0 to π/2. From Eq.7, we need the value of ε eff (π/2) which is given by Eq.8 as :
So we are able to estimate r 4 2 T , itself connected to the clamped electrooptic coefficient r 4 2 S [7] :
Thus, three simple experiments allow us to determine the three electrooptic coefficients of the BCT crystal, or at least the effective electrooptic coefficients that really appear in the determination of the photorefractive gain. Most of the parameters used (especially the piezoelectric and elastooptic coefficients) are not know for BCT that is a rather new kind of materials. Nevertheless, it would be interesting to have an order of magnitude of their theoretical values to compare them to the parameters that will be measured. One method would have been to take for the unknown parameters the ones of BaTiO 3 , but it leads to some inconsistency in the results. We prefer another method for this estimation, that allows to calculate the parameters in the tetragonal phase from the parameters of the high temperature cubic phase. The derived values would be closer to reality, as parameters such as the dielectric constants that are known to be different in BCT and in BaTiO 3 appears in the expressions. We will now describe this model.
THEORETICAL DETERMINATION OF THE PARAMETERS OF BCT
Above about 100°C, BaTiO 3 and BCT are in a cubic phase (m3m symmetry) and when the temperature decreases, they go into a tetragonal phase (4mm) (until 5°C for BaTiO 3 and down to at least -120°C for BCT). During this phase change, a spontaneous polarization P s appears, that will bias the third order effects (as Kerr effect and electrostriction) to transform them into second order effects (Pockels effect and piezoelectric effect, respectively) [8] . We first apply the model to the BaTiO 3 , in which all the parameters are known, in order to validate it, before applying it to BCT.
Determination of the parameters in the quadratic phase from the cubic phase parameters

2.1.a. Electrooptic effect
The electrooptic coefficients can be calculated from the quadratic Kerr coefficients in the cubic phase and from the spontaneous polarization for all the perovskites [9] .
Considering the change of the optical permittivity tensor with electrical force and mechanical influence, we obtain the following relations between the clamped electro-optic coefficients r ij S and the clamped Kerr coefficients g ij S [9, 10] :
Knowing the total birefringence ∆n t is a sum of a polarization induced birefringence and a temperaturedependent structural contributions ∆n 0 from the high-temperature phase [9] , we calculate the value of the spontaneous polarization :
The temperature-dependent structural term ∆n 0 (T) is negligible for BaTiO 3 and consequently, we consider that it is the same for BCT
2.1.b. Piezoelectric and elastic stiffness coefficients
A treatment analogous to the one of [9] can be made in order to deduce the piezoelectric and elastic coefficients from the electrostrictive tensor [8] .
We consider neither thermoelastic, nor electrothermal effects in the crystal. Forces applied to the crystal are stress σ and electric field E. The direct result of these forces are polarization P and strain τ. We take the nine stress components σ ij and the polarization P i as independent variables. Accordingly, we may write in tensorial notations for BaTiO 3 (or BCT) in the cubic state :
A spontaneous polarization appears in the tetragonal phase and introduces a first order piezoelectric effect. If we consider that the spontaneous polarization is along the z-axis, we have to replace P 3 by (P 3 + P s ) and neglect all terms in P 1 2 , P 2 2 , P 3 2 and P S 2 . Therefore, we have in tensorial notations :
By comparing Eq.21 and 22, we find the piezoelectric coefficients b ij in the tetragonal phase :
Knowing that d ij = ! 0 ! ik T " 1 ( ) b kj , we deduce the piezoelectric coefficients d ij
From the piezoelectric coefficients b ij and d ij and the elastic compliance at constant polarization s ij P (which is a parameter of the cubic phase), we calculate the elastic stiffness at constant electric field c ij E using the following relations [6, 7] :
Then, we determine the piezoelectric tensor e ij :
Finally we have a relation between the clamped ! ii S and unclamped ! ii T dielectric constants [7] , in tensorial notation :
2.1.c. Elastooptic effect
With an analogous reasoning as for the electrooptic coefficients, we find that the elastooptic coefficients at constant electric field p ij E depend on the quadratic electrooptic g ij S , piezoelectric e ij , together with the spontaneous polarization P S according to the following equation [10] , in the tensorial notation :
Theoretical values for all parameters
2.2.a. Necessary parameters of the cubic phase
From the model developed above, the basic parameters, that are necessary to calculate all the quadratic phase parameters, are :
• the unclamped dielectric constants ! ij T
• the clamped Kerr coefficients g ij S
• the elastooptic coefficients at constant polarization p ij P
• the electrostriction coefficients Q ij • the elastic compliance at constant polarization s ij P
• the total birefringence Δn T and the mean refractive index n that will be used to calculate the spontaneous polarization P s .
2.2.b. Validation of the model : case of the BaTiO 3
To validate the above developed modelisation, we first calculate the values of the quadratic phase parameters from the cubic phase parameters for BaTiO 3 and compare them to the values in the literature. We have listed the values of the needed coefficients of the cubic phase in Table 1. Table 2 shows the theoretical values found for BaTiO 3 as well as the experimental ones collected in Ref. [7] .
The calculated values are in agreement with the published ones. The main difference is the value of the clamped dielectric constant ! 3 3 S which theoretical value is a factor of two higher (certainly connected to the smaller theoretical value of d 33 ). This difference is also present on the value of the electrooptic coefficient r 1 3 S and r 3 3 S that are directly proportional to ! 3 3 S . If we increase the value of Q 11 (that governs d 33 , see Eq.24) to 0.16m 4 C -2 , we obtain a better general accordance between the calculated values of the electrooptic coefficients and their experimental values.
With the different parameters given in Table 2 and using the theory of the first section, we are now able to calculate the theoretical values of the effective electrooptic coefficients that are experimentally measurable (r 2 2 eff (0),r 3 3 eff (0) and r 4 2 T ). The results are presented in Table 3 . The accordance between the theoretical values and the ones calculated from the experimental data of Table 2 is a little better than for the value of the electrooptic coefficient. This is probably due to a compensation of the different piezoelectric contributions, leading to a lesser influence of d 33 that seems to be the critical parameter.
2.2.c. Application of the model : case of the BCT
Among the parameters of the cubic phase that we need to determine the whole set of parameters, some are known as the mean refractive index n and the total birefringence Δn T [14] or the unclamped dielectric constants ! ij T [1] . Some are the same for all perovskites, as the clamped Kerr coefficients g ij S [9, 10] , and some are unknown. In this last case, considering that the structure of BCT is closed to the one of BaTiO 3 , we use the coefficients of BaTiO 3 when those of BCT are missing. Table 4 is a summary
of the values that we have used for the further calculations. The whole set of calculated parameters for BCT is presented in Table 5 . Here again we can estimate the theoretical values of the effective electrooptic coefficients and of the effective dielectric constants (Table 6 ).
Compared to the case of BaTiO 3 , we remark that the values of r 1 3 S and r 3 3 S are higher for BCT, whereas r 4 2 S is smaller. This is evidently due to the higher value of ! 3 3 T and the smaller value of ! 1 1 T respectively. Further study will be necessary to determine the different parameters that are used in the calculation and refine the knowledge of the BCT crystal. Waiting for this determination, the model can nevertheless be used to predict the photorefractive performances of the BCT crystal. In all the experiments, we use a frequency-doubled Nd:YAG laser at 532 nm. From the steady state intensities of the transmitted weak signal beam without and with illumination by the pump beam, we calculate the two beam coupling coefficient. Each measurement datum corresponds to a measurement in attenuation and in amplification allowing to separate the photorefractive components from an eventual absorption component (induced absorption or absorption grating). In order to be sure that we saturate the photorefractive gain, we have measured the gain versus incident illumination. The criterion for saturation is that gain should not depend on illumination and we have selected a large enough value of the incident intensity to be saturated. From the measured values reported in Fig.2 , the gain is constant as soon as the intensity is higher than 500 mW.cm -2 . It reaches half of its maximum for an intensity I sat of 50 mW.cm -2 . All the following experiments have been performed with an intensity of 1.2 W.cm -2 .
EXPERIMENTAL RESULTS
Two
Experiments around β=0
The experimental data (Fig.3) are adjusted with expression (5) and (6) . The experiments are conducted with an angle β=0. From this fit, we determine, in ordinary polarization, the two parameters r 2 2 eff (0) = (22 ± 0.3)pm.V !1 and N eff = (5.3 ± 0.4)10 2 2 m !3 . The value of N eff is determined using the value of ε eff (0) calculated above. This value for N eff is slightly different from the previously published value [15] because of a numerical error in the calculation of ε eff used then in the extraction of N eff from k 0 . From Eq.15, the gain in extraordinary polarization with β=0° depends on r 1 1 eff (0) = r 2 2 eff (0) , r 3 3 eff (0) and on N eff . Consequently, we use the previously determined values of N eff and of r 1 1 eff (0) = r 2 2 eff (0) , and make an adjustment to deduce r 3 3 eff (0) = (55 ± 0.6)pm.V !1 . To make this adjustment, we transform Eq.15 using the fact that cos(2θ) can be written as a function of k r .
Experiments around β=π/2
As explained previously, we performed experiments around β=π/2 and we deduced the value of r 4 2 T from the slope of the experimental curve. We used extraordinary polarized beams to carry out measurements versus β near the value of π/2. We fixed the grating spacing (k r = 8 µm -1 ) and thus the space charge field by Eq.6. In this configuration, it can be estimated using the value of N eff and the theoretical value of ! " 2 ( ). A linear fit on our experimental points (Fig.4) gives the value of the slope from which we deduce r 4 2 T = 250pm.V !1 . Using calculated values of Table 5 , we have verified that the neglected term is effectively negligible (δ r = 54pm.V -1 << 4 ! r 4 2 T ) and would have lead to a less than 5% correction.
Discussion
A first conclusion is that the experimental values of the effective electrooptic coefficients (which are the ones we effectively use in the experiments) are quite strong and compare rather well with the theoretical values presented in Table 6 . This is true even if we consider that the problem of the reduction of the gain, due to an eventual electron-hole competition, has not been taken into account in our study. In a first approximation, the action of the electron-hole competition is just to reduce the gain by a constant factor ξ 0 (-1<ξ 0 <1). If ever electron-hole competition exists in the crystal, the found values of the electrooptic coefficients have to be divided by ξ 0 . The found electrooptic values are thus lower limits of the real values.
CONCLUSION
We have presented in this paper a characterization of the two beam coupling photorefractive gain Γ in a photorefractive Ba 0.77 Ca 0.23 TiO 3 crystal. This crystal is derived from BaTiO 3 but has the advantage of not presenting the low temperature phase transition around 5°C. The study shows that high photorefractive gain can be obtain even with symmetric configurations (i.e. without using the r 42 electrooptic coefficient). Indeed, photorefractive gain as high as 7cm -1 with ordinary polarization and 15cm -1 with extraordinary polarization have been measured at 532nm. This corresponds to rather high effective electrooptic coefficients, at least comparable to the one of BaTiO 3 , if not higher. These values agree quite well to the theoretical values.
Using a model that allows to calculate the parameters of the crystal in the tetragonal phase from the ones in the cubic phase, we compared the measured effective electrooptic coefficients with their theoretical values. The order of magnitude of the parameters is respected, but for a better comparison, we will need to have a better knowledge of the BCT crystal, as for most of the cubic phase parameters of BCT, we take in a first approximation the value they have in BaTiO 3 . These first measurements are promising and confirm the interest of this new material for photorefractive applications, even if further characterizations are necessary. Table 2 : Numerical results for the whole set of parameters for BaTiO 3 , experimental values are taken from Ref. [7] , except when precised. Table 4 : Material coefficients in the cubic phase of BCT. Table 5 : Numerical results for the whole set of parameters for BCT. 
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